Several workers have reported that bisulfite can undergo aerobic oxidation to sulfate via a free radical mechanism with concomitant formation of oxidizing radicals (1, 3, 8, 24) . We present evidence in this paper that Chl was destroyed in vitro by these free radicals produced during the aerobic oxidation of bisulfite.
Sulfur dioxide is a major air pollutant which causes injury to vegetation, animals, and human beings (19) . Extensive studies have documented the effects of SO2 on plants, but most have been limited to the descriptions of the symptoms, susceptibility, and factors affecting phytotoxicity and to an assessment of the loss in crop yield (6, 14) . The main symptom in plants is leaf chlorosis. Puckett et al. (20) have demonstrated that Chl was destroyed in weakly acidic SO2 solutions in vitro and in vivo with lichens. Based on oxidation-reduction potentials, they suggested that Chl was irreversibly oxidized as a result of bisulfite2 reduction.
Several workers have reported that bisulfite can undergo aerobic oxidation to sulfate via a free radical mechanism with concomitant formation of oxidizing radicals (1, 3, 8, 24) . We present evidence in this paper that Chl was destroyed in vitro by these free radicals produced during the aerobic oxidation of bisulfite.
MATERIALS AND METHODS
Partially purified Chl was prepared from market spinach (Spinacia oleracea L.) by the procedure of Iriyama et al. (13) . Chl concentration was determined using equations of Wintermans and De Mots for Chl in ethanol (23) .
Two different reaction conditions were used, one performed I This investigation was supported by United States Public Health Service Grant ES-01045. 2 Bisulfite is used to designate the sum of SO2, S032-, and HS03-in the light and the other in dark with Mn2 . Unless otherwise specified, in the light system a standard incubation mixture contained in a total volume of 1 ml, 20 ,umol glycine, 14 nmol Chl, 1 that the light functions in the present system through Chl as a photosensitizer. If so, it would be expected that the action spectrum for Chl destruction would coincide with the absorption spectrum for Chl. Figure 2 illustrates that the greatest amount of Chl was destroyed with either red or blue light which Chl absorbs most, while green light with maximal wavelength ranging between 500 and 550 nm was least effective for Chl destruction and is also absorbed least by the Chl. Chl has been reported to function as a photosensitizer initiating the aerobic oxidation of sulfite (8) . In the absence of light or Chl, no appreciable oxidation of bisulfite was observed. As reported by Puckett et al. (20) there was very little Chl destruction at a pH of 5.3 or higher, and there was a sharp increase in Chl destruction when the pH was lowered from 5.3 to 3.7. These striking effects of pH on Chl destruction may be interrelated to bisulfite oxidation. We have therefore examined the relationship between Chl destruction and bisulfite oxidation as affected by pH. Since bisulfite oxidation was measured as the decrease in bisulfite content, and this change under standard conditions as described under "Materials and Methods" was too small to be measured, it was necessary to reduce the bisulfite concentration to 0.6 mm and increase the Chl concentration to 70 ,UM so that there would be measurable changes in bisulfite concentration. Figure 3 illustrates the effects of pH on Chl destruction and bisulfite oxidation under these conditions. At any pH tested from 4 to 8 there was a very close relationship between Chl destruction and bisulfite oxidation. Pheophytin is known to be formed from Chl in acidic medium. However, pheophytin did not appear to form significantly under the present conditions because the absorption peaks at 411 and 439 nm due to pheophytin a and b, respectively, were not apparent as revealed by the spectrum of Figure 1 .
Destruction of Chl in the light system was inhibited by the free radical scavengers hydroquinone, BHT, tiron, and a-tocopherol (Table II) . a-Tocopherol was a much more effective inhibitor than the other three inhibitors causing significant inhibition in the ,UM concentration range. High concentrations of BHT and tiron were needed to impart inhibition. (24), Chl destruction in the dark in the presence of bisulfite and Mn2+ was examined. Table I illustrates the requirements for bisulfite, Mn2 , 02 and glycine. Unlike the light system in which glycine (used as buffer) was not required, the Mn2+-dark system required glycine. Other amino acids such as serine, alanine, and methionine could substitute for glycine. When glycine was omitted, there was no bisulfite oxidation or Chl destruction (Fig. 4) . Figure 4 also shows that as the glycine concentration was increased, there was a progressive increase in Chl destruction and in bisulfite oxidation. This indicates that glycine was required for bisulfite oxidation and therefore also for Chl destruction. The high ethanol concentration presumably necessitated the presence of glycine since in aqueous solutions Mn2+ initiates bisulfite oxidation in the absence of glycine (24, 25) . Figure 4 illustrates the parallel relationship between bisulfite oxidation and Chl destruction. In the presence of 20 mm glycine both Chl destruction and bisulfite oxidation were so rapid that we were unable to follow their initial rates. It was estimated that approximately 70% of the Chl was destroyed in 2 sec. This was much more rapid than in the light system where only about 55% of the Chl was destroyed in 2 min. However, the cooxidation efficiency, the number of mol of Chl destroyed/mol of bisulfite oxidized, of the Mn2+-dark system was smaller than that of the light system. For the light system the cooxidation efficiency was about 1/6 compared to approximately 1/20 for the Mn2+-dark system. In contrast to the light system, the destruction of Chl under the Mn2+-dark system occurred over a wide pH range (Fig. 5) . Destruction of Chl in the Mn2+-dark system was inhibited by the free radical scavengers hydroquinone, BHT, tiron, and a-tocopherol (Table II) . In this system tiron was a very effective inhibitor causing 50% inhibition at 0.05 mM while in the light system 10 mm tiron gave only 38% inhibition. As in the light system a-tocopherol was the most effective inhibitor; it inhibited 50% at 0.01 mm.
Using Na235SO3 under standard reaction conditions listed under "Materials and Methods" for the light system with the exception that Chl a (Sigma Chemical Co.) was used instead of partially purified Chl, two labeled Chl products (I and II) were formed as determined by high voltage naper electrophoresis, smaller than product II although both had mol wt greater than 500. Further characterization of these products was not pursued since we were unable to determine whether these were initial products associated with the loss in absorbance of Chl or whether they resulted from some secondary reaction. DISCUSSION Puckett et al. (20) have studied the destruction of Chl in vitro by dissolved SO2. Based on oxidation-reduction potentials of SO2 and Chl, they explained that SO2 functioned as an oxidizing agent directly and irreversibly oxidized Chl molecules. If SO2 (or bisulfite) per se acted as an oxidizing agent as proposed by Puckett et al. (20) , it would be expected that aerobic oxidation of bisulfite would not be prerequisite to the Chl destruction. In this study we demonstrated that Chl destruction did not occur until the bisulfite was aerobically oxidized, and that both Chl destruction and bisulfite oxidation were effectively inhibited by free radical scavengers.
Several workers have demonstrated that bisulfite can be oxidized to sulfate via a free radical mechanism (1, 3, 8, 24) . This reaction can be initiated by various means including Mn2+ (24) and photosensitized Chl and methylene blue (8) . A mechanism which explains the oxidation of bisulfite involves the formation Of 02-and HS03 radicals (equations 1 and 2) in the initiation steps (1, 24) . Na2SO3. Chl destruction ( ) was followed with a spectrophotometer attached to a recorder and sulfite oxidation (---) was determined periodically by the DTNB reagent. Chl destruction and sulfite oxidation in the presence of 20 mm glycine were so rapid that their initial rates could not be followed. Dotted line represents the extrapolation back to zero time.
Once the chain-initiating radicals O2-and HSO3 are formed, bisulfite oxidation is maintained through the chain-propagating reactions (equations 3, 4, and 5) with the subsequent formation of sulfate (equations 5 (5) HSO3+ OH-+ S03+ H20 (6) 2HS03 -* SO3 + HS03-+ H+ (7) SO3 + H20 SO42-+ 2H+ (8) These radicals such as 2-and OH which are produced during the oxidation of bisulfite are strong oxidants and have been shown to be involved in the destruction of methionine (12, 24) , tryptophan (25) , NADH and NADPH (17) , indole-3-acetic acid (26) , and isopentenyladenosine (10) . Based on the present observations that Chl destruction is closely interrelated to bisulfite oxidation and that a-tocopherol, BHT, tiron, and hydroquinone which are effective free radical scavangers (9, 12, 16, 22) are also effective inhibitors of Chl destruction, it seems reasonable to propose that those radical intermediates which are produced during the univalent reduction of 02 by bisulfite ion are involved in the destruction of Chl.
In our experiments the destruction of Chl in the Mn2+-dark system occurred over a wide pH range while in the light system destruction was confined primarily to the weakly acidic pH region. Yevstigneyev (27) has studied Chl-photosensitized reactions and determined that in the weakly acidic pH region Chl generally acts as an electron donor and in the neutral to weakly alkaline pH region it acts as an electron acceptor. The pH curve for the photooxidation of Chl to Chl+ with methyl viologen obtained by Yevstigneyev et al. (28) was similar to our report on Chl destruction in the presence of bisulfite in the light system (Figs. 2 and 3) where the susceptibility of Chl to destruction increased at pH values less than 5. Chl+ has also been reported to be generated from Chl by electrochemical oxidation and was characterized as cation radical by electrophoresis and electron spin resonance (4) .
Yevstigneyev et al. (28) have proposed that photooxidation of Chi would involve O2-(equations 9 and 10).
Chl + hp --Chl* Chl* + 02 --*Chl+ + 02 (9) (10) As discussed above, 02-is an initiating radical for the bisulfite oxidation chain reaction and is also continually generated during the reaction (equation 5). The destruction of Chl by free radicals produced during bisulfite oxidation may occur by the following scheme (equations 11 and 12).
Chl + 2H+ + 02-(or OH) -* Chl+ + H202 (or OH-) (11) Chl+ + O2-(or OH) -. Oxidation products (12) In the Mn2+ system photosensitized Chl would not be required and the reaction would not be restricted to the weakly acidic pH region. In the light system Chl-sensitized photooxidation (equation 10) presumably would occur most rapidly in the weakly acidic pH region, thereby causing the greatest amount of bisulfite oxidation and Chl destruction. Yevstigneyev et al. (28) found that a portion of the oxidized Chl (Chl+) could be reduced back to Chl by removing 02 from the reaction mixture or by adding ascorbic acid. In our experiments neither of these procedures was effective in regenerating Chl, indicating that it had undergone reaction beyond the point of reversibility.
Since ethanol is an effective OH radical scavenger and the present reactions were carried out in 76% ethanol, it is unlikely that OH radical could be the active species responsible for Chl destruction. Superoxide dismutase has been employed to demonstrate the involvement of 02-in several cases (18, 24, 25) .
However, in the two systems described here, the high ethanol concentration excluded the use of this enzyme. Tiron has been used as a 02 scavenger (9) and its inhibition of Chl destruction in the Mn2+ system at low concentrations supports the idea that 02-was involved in Chl destruction in this system. This view was in harmony with our observation that in Mn2+-dark system (with low glycine concentration of 1 mM) the addition of formate (10 mM) stimulated both bisulfite oxidation and Chl destruction. 
